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The results of a numerical investigation into crack patching indicate that a modified
Jform of the crack opening displacement approach may be useful in estimating the effect
that fibre composite patches have on cracks in thin sheets.
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NOTATION

Applied tensile stress.

Shear moduli of the patch.

Young’s moduli of the patch.

Poissons ratio of the patch.

Thickness of adhesive layer.

Thickness of sheet.

Thickness of the patch.

Stress intensity factor for the patched crack.
Stress intensity factor for the unpatched crack.
Crack half length.

Characteristic length.

Opening of the patched crack.

Opening of the unpatched crack.

Strain in the patch in the y direction.

Displacement in the patch in the y direction.
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1. INTRODUCTION

Thic paper forms part of a detailed investigation into the repair of aircraft structural
components, using bonded composite overlays, currently underway at the Aeronautical Research
Laboratories, Australia [1-6]. To date a large number of cracked components have been success-
fully repaired in this fashion; these include wing skins, wing planks, and wheels (see Ref. {2]).
The present paper is concerned with an observed correlation between the reduction of the
opening of a patched crack, at any point along the crack, and the reduction in the stress intensity
factor due to patching. This correlation raises the possibility of using crack opening displacement
measurements as a measure of patch efficiency.

2. CORRELATION

Let us begin by considering a thin rectangular sheet of dimensions 508 mm x 635 mm x
t; mm, where the thickness t; will be allowed to vary, subjected to a uniform tensile stress o.
The sheet contains a central crack 38-1 mm long which is patched by a boron epoxy laminate
covering the entire length of the crack. The laminate is uniaxial, the fibres lying perpendicular
to the length of the crack. The lateral dimensions of the patch are 152-4 mm x 50-8 mm x 1,
where 1, is the thickness of the patch and will be allowed to vary (see Fig. 1).

The patch is bonded to the sheet with an epoxy resin of thickness 5. The Young’s modulus
of the sheet is 71-02 GPa while the Poisson’s ratio is 0-32. The moduli of the laminate are

E; = 208-1 GPa Gi12 = Gig = 7:24 GPa
E\/E> = 818 G23 = 4-94 GPa
yiz = 0-1677

where the l-axis is in the fibre direction;
the 2-axis is parallel to the crack;
the 3-axis is in the thickness direction.

This problem was analysed using the finite element methal and uses the advanced crack
tip element developed by the authors in [3] and the adhesive element, which allows for transverse
shear deformation in the sheet and the patch, described in [4]. Various types of patches were
considered including constant thickness patches applied to one or both sides of the sheet and
stepped thickness patches (see Fig. 2).

1. A. A. Baker.—Evaluation of adhesives for fibre composite reinforcement of fatigue cracked
aluminium. Proc. 10th Nat. SAMPE Technical Conference pp. 397-415, (1978).

2. A. A. Baker.—A Summary of Work on Applications of Advanced Fibre Composites at the
Aeronautical Research Laboratories, Australia, Composites, Vol. 9, pp. 11-16, (1978).

3. R. Jones and R. J. Callinan.—On the use of Special Crack Tip Elements in Cracked Elastic
Sheets, Int. J. Fracture, Vol. 13, 1, pp. 51-64, (1977).

4. R. Jones and R. J. Callinan.—Finite Element Analysis of Patched Cracks, J. Structural
Mechanics, Vol. 7, 2, pp. 107-129, 1979; also published as ARL Structures Report 367, 1978.

5. M. J. Davis.—Stress Intensity Reduction by Strategic Reinforcement, Proc. 1977 Conference
Australian Fracture Group, pp. 90-101, (1977).

6. R. Jones and R. J. Callinan.— Developments in the Analysis and Repair of cracked and
uncracked Structures. Proceedings 3rd International Conference on Finite Element Methods
in Engineering, Sydney July 1979, pp. 231-245, (1979).
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The point of interest in the present investigation is the correlation between the calculated
values of the stress intensity factor for a patched crack and the opening up of the crack at various
points along its length. This correlation is studied by evaluating on the one hand the non-
dimensionalized reduction in the stress intensity factor given by,

l - Klp/Klu

where K1, is the stress intensity factor for the patched crack and Ky is the stress intensity factor
for the unpatched crack. On the other hand we also evaluate, at various points along the crack,
a quantity which we term the “patch efficiency” and which we define by

patch efficiency = 1 — vp/vy n

where vy is the displacement of a point on the patched crack and vy is the displacement of the
corresponding point on the unpatched crack. These displacements are in the direction per-
pendicular to the length of the crack i.e., the crack opening displacements. With this notation
the unpatched crack yields a patch efficiency of zero, whilst a patch efficiency of unity occurs
when the patched crack does not open up during loading.

In all cases studied the patch efficiency was evaluated at the five points along the crack
shown in Figure 3b. The coordinates of points 1-5 are (0, 0), (a/3, 0), (22/3, 0), (0-76a, 0),
(0- 86a, 0) respectively where a is the half crack length. It should be mentioned that it is a well
established result in linear elastic fracture mechanics that the crack opening displacement, in
the case of unpatched cracks, very close to a crack tip (such as point 5) is directly proportional
to the stress intensity factor.

In Table 1 we see the effect that increasing the thickness of the patch has upon both the
calculated values of the patch efficiency and the reduction in the stress intensity factor; these
results are all for constant thickness patches.

TABLE 1
Correlation for Constant Thickness Patches
(ta = 0-1016 mm, 7, = 2-29 mm)

Patch Thickness Patch efficiency at points:
(mm)
on one side only 1 2 3 4 5 1 —Kip/Kiu
Reinforced on each
side of the sheet
0-762 0-90 0-88 0-88 0-88 0-88 0-88
0-508 0-88 0-86 0-86 0-86 0-87 0-87
+3 81 0-86 0-85 0-84 0-85 0-86 0-86
*2 54 0-84 0-82 0-81 0-82 0-85 0-85
127 0-78 0-76 0-7 0-77 0-79 0-79
Reinforced on
one side only
1-016 mm 0-81 0-80 0-79 0-79 0-81 0-81
0-762 0-79 0-78 0-77 0-77 0-79 0-79
0-508 0-77 0-75 0-74 0-74 0-76 0-76
0-254 0-71 0-69 0-68 0-69 0-73 0-73
0-127 -63 0-61 0-61 0-62 0-66 0-66

Here we see that, to a reasonable approximation the patch efficiency is constant along the
entire length of the crack. This constant value agrees closely with the reduction in the stress
intensity factor due to patching.

Whereas in Table 1 the thickness of the sheet was held constant at f; = 2-29 mm and
the patch thickness was varied, in Table 2 the thickness of the sheet was allowed to vary. Here

5
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the patch is the step thickness patch shown in Figure 2(¢) which is of the same plan form as
the previous patches; this patch comprises six layers of boron on each side of the sheet.

TABLE 2
Correlation for Step Thickness Patches
(1 = 0-1016 mm)

Sheet Thickness Patch efficiency at points
(mm)
1 2 3 4 5 1—Kip/K1u

5-08 0-78 0-77 0-76 0-76 0-78 0-78
3-81 0-84 0-83 0-81 0-82 0-83 0-83
2-29 0-9] 0-90 0-89 0-89 0-89 0-89
1-27 0-95 0-95 0-94 0-94 0-94 0-94
0-64 0-98 0-97 0-97 0-97 0-97 0-97

Again we see that the patch efficiency is virtually constant along the entire length of the
crack and agrees closely with the reduction in stress intensity.

So far we have only considered an adhesive thickness of 0- 1016 mm, which is commercially
available; another thickness which is also available is 0:2032 mm. Table 3 shows the effect
that this twofold increase in adhesive thickness has upon the patch efficiency for the stepped
patch considered above and for a sheet thickness of 2-29 mm.

TABLE 3
Further Correlation for Step Thickness Patches
(ts = 2-29 mm)

Patch efficiency at points

1 2 3 4 5 1—Kip/K1u

0-88 V-89 0-88 0-88 0-88 0-88

Yet again we see that the patch efficiency is effectively constant along the entire crack length,
and coincides with the reduction in the stress inteasity factor.

We thus see that, in this limited study, the patch efficiency is a good estimate of the reduction
in the stress field at the tip of a crack. Furthermore, computing the patch efficiency at the centre
of the crack, or at a point removed from the tip, removes the necessity of having special crack
tip elements and yet still allows an estimate to be made of the reduction in the stress intensity
factor due to patching.

3. PATCH EFFICIENCY MEASUREMENT TECHNIQUES

The concept of patch efficiency may also be a useful experimental tool since the opening
of the crack may casily be measured when the crack is unpatched and may be derived as follows,
from strain gauge measurements on the patch when the crack is patched.

Let us consider a panel with a centrally located crack, of length 2a. Define a system of x, y
coordinates with origin at the centre of the crack and with the y axis perpendicular to the crack.
Then in the case of mode 1 fracture the displacement, in the y direction, at any point (x, «)
in the patch is given by
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Upa (X, a) = f €py dy 2
0

where €,y is the strain in the patch in the y direction. The effect that the crack has upon the
strain epy in the patch is discussed in detail in Reference [7] and is shown in Figure 4 for the full
thickness patch, of Figure 2(a), which has 15 = 0-1016 mm, 7, = 229 mm and ¢, =0-762 mm.
From these references and from Figure 4 we see that we can choose a value for «, which is less
than the crack length, such that at y = « the shear stress in the adhesive and the derivative
of the extensional strain in the patch i.e. depy/dy are both effectively zero.

Since, at this point, the shear stress is zero the movement, in the y direction, in the sheet,
which we will denote by vs(x, «), is exactly equal to the movement in the patch, i.e.

vs(x, &) = Upa(x, a)

= f epy dy 3)
0

Expanding vs(x, «) by means of Taylor’s theorem we see that

rs(x, 0) = vy, @) — a(i?) + o(a?) 4)
y=a

However we have chosen « such that at y = « t's = vpe and as a result

(£).3)
OV Ju-a Y Jy-a

= epy (¥, o) )

(i.e. strain in the patch = strain in the sheet)
Consequently substituting for dr4/dy, as given by equation (5), into equation (4) and rearranging
terms we see that

rs(x, 0) = vs(x, a) — aepy (X, @) 6

where the terms of order o2 and higher have been omitted since at x = « the derivatives of
epy With respect to y are zero.

-3
Recalling that vs (x, ) = J epy dy we finally obtain the relationship
0

0

Since v4(x, 0) is the opening of the crack we see that the opening of the crack at any point x
along its length may be directly calculated once the strain in the patch is known.

As can be seen from Reference [4] (Figs 5, 6 ,7 and 8) as x approaches the value of g, i.e.
near the crack tip, the value of « necessary to satisfy the requirements of zero shear stress etc.
reduces significantly. For example whereas from Figure 4, where x = 0, the minimum allowable
value of « is approximately « = a (the half crack length) from Figure 8 of Reference {4], for the
case x = a, the minimum allowable value is approximately a/3.

vs (v, 0) = J epy(X, @) dy — aepy(x, a) €]

4. CONCLUSION

A limited numerical study has shown that there is a very good correlation between the
patch efficiency and the reduction in the stress intensity factor due to patching. We have also

7. R. Jones and R. ). Callinan.—A Design Study in Crack Patching. A.R.L. Structures Report
376, 1979.
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seen that the patch efficiency can be obtained from a knowledge of the crack opening displace-
ments of the unpatched crack and from strain gauge measurements on the patch. This approach
may have some advantages over the present method for experimentally estimating the reduction
in the stress intensity factor which is based on the increase in fatigue life due to patching. Indeed,
since this reduction is often dramatic, the fatigue life is generally increased by at least an order
of magnitude and quite often no crack growth is recorded.
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